Strains ofSalmonella typhimurium which are unable to synthesize their normal iron transport agent, enterobactin, and which must be supported with an exogenous chelator (siderophore) on certain media, were used to examine various types of wood for the presence of chelators. Western red cedar wood, Thuja plicata, was observed to contain large amounts of three substances that in low concentration would serve as chelators for S. typhimurium. The chelators from T. plicata were characterized and found to be a-, fi-, and -y-thujaplicin. Other planar cyclic a-hydroxyketones were examined, and several were found to function as chelators for S. typhimurium.
Strains ofSalmonella typhimurium which are unable to synthesize their normal iron transport agent, enterobactin, and which must be supported with an exogenous chelator (siderophore) on certain media, were used to examine various types of wood for the presence of chelators. Western red cedar wood, Thuja plicata, was observed to contain large amounts of three substances that in low concentration would serve as chelators for S. typhimurium. The chelators from T. plicata were characterized and found to be a-, fi-, and -y-thujaplicin. Other planar cyclic a-hydroxyketones were examined, and several were found to function as chelators for S. typhimurium.
Microbes produce a number of ferric-specific chelators called siderophores (7, 11) to circumvent the limited solubility of ferric salts. The siderophore produced by Salmonella typhimurium, enterobactin, is the cyclic triester of 2,3-dihydroxybenzoylserine (16) . The same substance is a product of Escherichia coli but is called enterochelin (13) . By using S. typhimurium mutant strains which were unable to synthesize enterobactin, it has been shown that, although this bacteria produces only a catecholbased ferric chelator, it is able to utilize hydroxamic acid-based iron chelators produced by other organisms (9) . These mutant strains grow well on complex media, but for growth to occur on citrate-containing miniimal media, an exogenous chelator must be supplied (15) . A number of wood samples were examined, and western red cedar (Thuja plicata) was found to have substances that at low concentrations would serve as chelators for S. typhimurium. This report describes the isolation and the identification of three substances from T. plicata wood.
MATERIALS AND METHODS
Organisms and general methods. The strains of S. typhimurium used in this report were obtained from M. Luckey. Strain TA2700 lacks the capacity to use hydroxamic acid siderophores, whereas both TA2700 and enb-7 are unable to synthesize 2,3-dihydroxybenzoic acid but are able to convert 2,3-dihydroxybenzoic acid into enterobactin (9, 15) . Rhodotorulic acid was isolated from low-iron cultures of Rhodotorula pilimanae ATCC 26423 (2) . Stipitatic acid and stipitatonic acid were obtained from A. Scott (18) . Samples of ,B-thujaplicin were obtained from T. Trust and Columbia Organic, whereas chemicals whose source is not indicated were obtained from commercial suppliers. T. plicata wood was obtained as commercial lumber.
The iron reagent used to locate thujaplicins was 5 mM Fe(CI04)3 in 0.1 M HC1O4. The treatment of the different purified thujaplicins and commercial ,B-thujaplicin with dichromate, alkaline hydrogen peroxide, or hot alkali was by methods previously described (14) . Also, thin films (10-10 to 10-11 mol/cm2) of all three cedar components and authentic f,-thujaplicin were prepared by drying solutions on cover slips. These films were exposed to 2 h of intense midday sun or to 4 h at 50 cm distance from two standard 40-W fluorescent lights. Controls were kept in the dark.
Chelator assay procedure. Both S. typhimurium strains were maintained and grown on nutrient broth. For the biological assay, bacteria from an overnight 10-to 20-ml culture were washed three times with 10 to 20 ml of sterile 1% NaCl solution and suspended in 1 liter of medium E agar (9) at 45°C, and 20-ml portions were poured into 10-cm diameter petri dishes. Samples (1.0 mg to 0.01 jug) of test substances were either applied to the surface of the agar or added to 6-mm filter paper disks on the agar surface or 2-mmdiameter wells punched into the agar. Examinations for growth were made after 24 to 25 h of incubation at 370C.
Minimum and maximum effective chelator concentrations were determined by the addition of known quantities of chelators to liquid medium E that had been inoculated (1%) with an overnight nutrient broth culture of S. typhimurium that had been washed three times and suspended in a 1% NaCl solution. Chelators were quantitated gravimetrically or spectrophotometrically (2, 10). Chelator solutions were prepared in sterile water and were filter sterilized when required. Growth was determined spectrophotometrically (600 nm) after incubation at 24 to 25 h after the addition of chelators.
Isolation of chelators from T. plicata. T. plicata lumber (3 kg) was cut perpendicular to the grain into 1-to 2-mm thick pieces. The sawdust and wood strips were recovered and extracted two times overnight with 15-liter portions of water on a steam cone. After filtration, the water extracts were each extracted three times with 2-liter portions of hexane. The pooled hexane extracts were reduced to about 6 ml of yellowbrown syrup on a steam cone. The syrup was fractionated by descending paper chromatography (22 (10) .
By a descending paper chromatography procedure (22) , the cedar extract was resolved into three components that produce a color reaction with ferric salts (Table 1) . Table 2 cient quantities of purified III were recovered from the chromatograms to obtain a satisfactory proton magnetic resonance spectrum; however, evidence was seen of an isopropyl peak at 8 = 1.3 and aromatic hydrogens near 8 = 7.1-7.3. All three of the iron-positive components were observed to function as chelators in S. typhimurium (Table 3) . On an occasional chromatogram there was a slight color reaction with ferric salts and a trace of biological activity at the origin. The portion of the chromatogram between the iron-positive bands did not function as a chelator in S. typhimurium. Judging from the color intensity with ferric salts and spot size, the relative amounts of material present on the chromatogram were as follows: II was greater than I, which was much greater than III.
The chelate action in S. typhimurium of commercial /8-thujaplicin and all three components in Table 1 was observed to be destroyed by treatment with dichromate, alkaline hydrogen peroxide, hot alkali, sunlight, or fluorescent light.
A number of planar cyclic a-hydroxyketones were examined for chelator activity in enb-7 (Table 3) . Except for 2-hydroxy-1,4-naphthoquinone, every compound that permitted bacterial growth did so in the form of a halo, i.e., a zone of no growth (inhibition) surrounded by a ring of growth centered on the site of sample application. No zone of inhibition was observed with 2-hydroxy-1,4-naphthoquinone unless a large amount (>5 mg) was applied. The planar cyclic a-hydroxyketones (Table 3) were tested with TA2700 (data not shown) and nearly identical results were observed, except that 2-hydroxy-1,4-naphthoquinone was not observed to function as a chelator in TA2700.
With enb-7 (Table 4) (8) for y-and P-thujaplicin are from GrasseUi and Ritchey (5). a Test substances were applied to the surface of S. typhimurium enb-7 lawns as described in the text.
b C, Sample was obtained commercially. ' When multiple values are shown, at least four separate mole quantities throughout the specified range were evaluated.
d The radius of bacterial growth after 24 to 25 h in centimeters from the center of the application site is shown. When two values are stated, growth was observed between the two radii. Radii values are the average of three determinations.
'Bacterial growth was noticeably less dense than other positive responses.
cin was found to inhibit growth at concentrations greater than about 10-8 M, whereas concentrations as low as 1010 to [10] [11] 0.09 Known quantities of chelators were added to liquid medium E and inoculated as described in the text.
b Growth (optical density) was determined spectrophotometrically at 600 nm (1-cm light path) 24 to 25 h after inoculation. Values represent the average of three determinations.
'Commercial material.
droxy-1,2-naphthoquinone required to support growth is less than 10-6 M. Rhodotorulic acid and 2,3-dihydroxybenzoic acid were observed in the same system to function as siderophores or a siderophore precursor at concentrations as low as 10-9 M. DISCUSSION Once it was realized that the substances in T. plicata wood with growth factor activity with S. typhimurium were probably thujaplicins, their isolation and characterization were straightforward. With a descending paper chromatography procedure (22) , the cedar wood extract was resolved into three (I, II, and III) components with biological activity (Table 1) . As determined by proton magnetic resonance (Table 2) and chromatographic studies components I, II, and III appear to be -y-, fi-, and a-thujaplicin, respectively. The relative quantities of -y-, I?-, and athujaplicin observed were similar to those reported in the literature, i.e., little of the a-form relative to the fi-and y-forms (4). The inactivation of the chelators from T. plicata by exposure to dichromate, alkaline hydrogen peroxide, hot alkali, sunlight, or fluorescent light is consistent (3, 14) with the tropolone structures proposed.
Biologically, the tropolone moiety (2-hydroxy-2,4,6-cycloheptatrienone) is rather unusual, having been reported in colchiceine, colchicine, a few Pseudomonas products (e.g., stipitatic and stipitatonic acids), and the thujaplicins. Colchiceine, colchicine, stipitatic acid, and stipitatonic acid did not have chelator activity with S. typhimurium, although tropolone itself does function as a siderophore (Table 3) .
Two chemical classes of siderophores are known: hydroxamic acids and 2,3-dihydroxybenzoyl compounds. Tropolones and the other planar cyclic a-hydroxyketones with chelator activity occupy a chemical "middle ground" between these two classes of siderophores. This situation is more obvious when the 2,3-dihydroxybenzoyl derivatives are drawn in the 2-quinoid tautomer. Little can be said of the compounds that do not support growth; however, it does appear that a free hydroxyl group adjacent to the keto group is a requirement of a planar cyclic a-hydroxyketones before they can possess chelator activity. Because the compounds listed in Table 3 with chelate action, except for 2-hydroxy-1,4-naphthoquinone, are also functional in TA2700, the absorption of these compounds does not require an intact hydroxamic acid utilization system. In addition, studies on the changes in chemical shifts observed in the carbon magnetic resonance spectra of enterobactin and the Ga+3 complex of enterobactin indicated a loss of aromaticity upon complex formation (8) which is expected if the quinoid tautomer is involved in chelation.
